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34
Muscle contractions are divided into constant length (isometric), shortening (concentric), and 35 lengthening (eccentric) contractions. While the mechanics of isometric and shortening 36 contractions are well described by the currently accepted molecular mechanisms of muscle 37 contraction, the sliding filament(51; 53; 55) and cross-bridge theories(49; 52; 54; 109), the 38 mechanics of lengthening contractions are not (49; 50; 121). AF Huxley realized this in his first 39 description of the cross-bridge theory, when realizing that the maximal force during lengthening 40 contractions was 5.33 times the maximal isometric force, F 0 , which was much greater than that 41 typically observed experimentally (1.8 times F 0 ). Also, the heat liberation in lengthening muscles cross-bridge forces, but also by forces arising from structural proteins, whose resistance to 93 stretch changes with activation and force production.
94
Enhanced force during and following lengthening contractions 95 Residual force enhancement refers to the observation that the steady-state isometric force of a 96 muscle is greater following active muscle lengthening compared to the corresponding force 97 following a purely isometric reference contraction (figure 1). Residual force enhancement was example, the idea that force enhancement is caused by the engagement of a passive structural 124 element upon activation involves a mechanism of force production during active lengthening that 125 does not rely on actin-myosin based cross-bridge force (e.g.(96)). Below, we will discuss the 126 major mechanisms associated with force enhancement, and will attempt to explain the 127 advantages and limitations of each of the proposals. would contain sarcomeres with greater myofilament overlap than an average sarcomere during a 137 purely isometric reference contraction (where sarcomeres are assumed to remain relatively 138 uniform in length), and thus would be able to produce more active force. The parts of the muscle 139 subjected to great lengthening were thought to compensate for the lack of active force by 140 increased passive forces (figure 2). Therefore, the enhanced forces following active muscle 141 lengthening would be achieved with increased active force in some parts of the muscle, and 142 increased passive force in the overstretched parts of the muscle (63; 86; 87; 89; 91 
226
Enhanced forces that exceed the isometric force at optimal sarcomere length:
227
Probably the most important prediction of the sarcomere length non-uniformity theory is that, at clearly exceeded that of the isometric reference contractions.
256
In conclusion, it appears that muscle segments and sarcomeres are perfectly stable on the 
316
In summary, there is evidence from a variety of different mechanical tests on different structural 317 levels that force enhancement is associated with the engagement of a passive structural element.
318
Since passive force enhancement is observed in single myofibrils, and the passive forces in (ii) by increasing titin's spring stiffness through a reduction in its free spring length ( Figure 4B ).
344
An increase in titin's stiffness upon activation would then result in greater forces from titin when 345 a muscle is stretched actively compared to when it is lengthened passively ( Figure 4C ).
346
Intuitively, this is an appealing mechanism as it provides for low resistance elongation of passive 
427
The mechanism of titin force regulation in actively lengthened muscle would explain a series of 428 currently unexplained phenomena including:
Force enhancement above the isometric forces obtained at optimal muscle length 430 ( Figure 4C) propose that one of these special features is force regulation through titin, as described above and 
